ABSTRACT The intercell interference in massive multiple-input-multiple-output uplink consists of both correlated and uncorrelated components, where the former is due to pilot contamination and the latter is usually neglected in most of the existing literature. In this paper, we show that the uncorrelated intercell interference is actually not negligible for reasonably many antennas at the base station. Hence, a novel and general uplink performance analysis framework is established to take the uncorrelated interference into account. Specifically, we investigate the tradeoff between pilot overhead and uplink signal-to-interferenceplus-noise ratio (SINR) in four uplink transmission schemes. Without cell coordination, the conventional uplink scheme and the soft pilot reuse scheme are evaluated. Compared with the former one, the soft pilot reuse scheme has higher mitigation efficiency on correlated intercell interference. However, the uncorrelated intercell interference cannot be mitigated without cell coordination. With cell coordination, we first evaluate the scheme that the pilot information can be shared via backhaul. Hence, both the correlated and uncorrelated interference can be canceled effectively. We also propose and analyze a novel pilot extension scheme in the cell coordination scenario, which could address different preferences of both cell-edge and cell-center users. In all the above four schemes, the asymptotic expressions of uplink SINR for arbitrary user are first obtained. Based on them, we derive the distribution of uplink SINR by considering the randomness of interfering users' locations. It is shown that the analytical results match the numerical simulation tightly. Besides, both analytical and numerical results demonstrate the performance gain of the proposed scheme.
I. INTRODUCTION
Massive multiple-input-multiple-output (MIMO) has become a promising technology for next generation cellular system because of its great potential to boost the spectrum efficiency [1] , [2] . It is well-known that the performance of massive MIMO is limited by the effect of pilot contamination. Actually, the inter-cell interference in massive MIMO uplink consists of both correlated and uncorrelated components with respect to the receiving filter at the BS. The former one is due to pilot contamination, and the latter one is usually neglected in most of the existing literature by assuming infinite number of antennas at the base station (BS) [3] . In this paper, however, we shall show that the uncorrelated interference may be significant with reasonably many antennas at the BS (e.g., a few hundred). Hence, both correlated and uncorrelated interference should be considered in the transmission scheme design and performance analysis.
A. RELATED WORKS
There have been a number of studies focusing on the pilot contamination issue of massive MIMO systems. An important method is to exploit the antenna correlation, where it is assumed that a great number of antennas are deployed within limited space. For instance, a joint channel estimation and pilot assignment mechanism was proposed to achieve interference free performance under some special multi-path channel models in [4] . Moreover, there are some studies using compressive sensing based channel estimation algorithms to exploit the sparsity in massive MIMO channels [5] - [7] . However, the above work cannot be applied on the scenario where there is sufficient separation among the antennas of BS and the channel fading becomes less correlated.
Without the assumption of particular channel correlation, the soft pilot reuse scheme was proposed and studied in [8] and [9] , where the pilot contamination from the neighbouring cell-edge users is avoided by increasing pilot overhead. In [10] , the joint pilot allocation among neighbouring cells was considered to relieve the issue of pilot contamination. Fernandes et al. [11] proposed to synchronize the uplink channel estimation with the downlink transmission of neighbouring cells. However, this might raise severe interference between BSs in practice. Another promising approach is to utilize the data symbols in channel estimation. In [12] , an eigenvalue decomposition (EVD) based approach was proposed to estimate the uplink channel from data symbols in a blind way. In [13] , an iterative algorithm was proposed to perform joint channel estimation and soft channel decoding, where the intermediate output of soft channel decoding can be utilized to refine the estimated channel. Moreover, a channel estimation scheme based on superimposed pilots has been proposed, where pilot and data symbols are transmitted alongside each other for the entire duration of the uplink frame [14] . Wang et al. [15] and Li et al. [16] proposed a data-assisted channel estimation scheme, where detected data symbols are considered as equivalent long pilots. However, most of the above works focus only on the mitigation of the correlated inter-cell interference due to pilot contamination, and the effect of uncorrelated inter-cell interference has not been considered or addressed sufficiently.
In the above literature, the performance of proposed schemes is usually evaluated numerically, and no analytical study on how the parameters (i.e., pilot length and number of BS's antennas) affect the system level performance is provided. Recently, a stochastic geometry based approach has been widely used in the analysis of cellular networks, where both the distributions of BSs and users are modelled as spatial Poisson point processes (SPPP) and the network performance can be analytically derived. For example, in [17] and [18] , the cumulative distribution functions (CDF) of downlink and uplink signal-to-interference-plus-noise ratio (SINR) for cellular networks were obtained, respectively. In [19] and [20] , the stochastic geometry based approach was further extended to heterogeneous networks (Het-Net) and cellular networks with wireless power transfer, respectively. Moreover, the study of massive MIMO systems with SPPP model can be found in [21] . Note that the random distribution of BSs and users should be of completely different time scales, it is also necessary to study the network performance with deterministic cell boundary but random users' distribution. For example, the performance of cell-edge users and cell-center users is always important parameter in network planning; however, it cannot be observed if the locations of BSs are random. As a result, there are still some questions to be answered as follows.
• How significant the uncorrelated inter-cell interference is, given reasonably many antennas at the BS?
• How to mitigate both correlated and uncorrelated intercell interference in massive MIMO networks, and how to evaluate the efficiency of interference mitigation?
• How to evaluate the performance of massive MIMO networks in system level with fixed cell shape and random user distribution?
B. OUR CONTRIBUTIONS
In this paper, we would like to shed some light on the above open issues by investigating the trade-off relation between pilot overhead and SINR in different uplink transmission schemes. Specifically, we consider four uplink transmission schemes, including conventional scheme, soft pilot reuse scheme, pilot information sharing scheme and a proposed pilot extension scheme, in a hexagonal massive MIMO network with random users' distribution. The four schemes are referred to as Scheme 1, 2, 3 and 4, respectively. There is no cell coordination in the first two schemes, and the pilot information sharing among cells is required in the remaining two schemes. In the analysis, we first deduce the asymptotic SINR performance with reasonably many antennas at the BS for all schemes, where both correlated and uncorrelated interference are considered. Moreover, instead of intensive system-level simulation, we establish a general analysis framework to evaluate the distribution of uplink SINR, where the randomness of interfering users' locations is considered. Based on the above analysis, the following observation can be made quantitatively.
• Compared with Scheme 1, the soft pilot reuse scheme could mitigate more correlated inter-cell interference. However, both schemes are not able to suppress the uncorrelated inter-cell interference, which turns out to be dominant.
• If the pilot information can be shared via backhaul (Scheme 3), both correlated and uncorrelated inter-cell interference can be suppressed more effectively compared with Scheme 1 and 2. Thus better uplink SINR can be achieved with the same pilot overhead.
• Compared with Scheme 3, in the proposed Scheme 4, the cell-edge users enjoy the similar SINR performance; whereas, the cell-center users have more data transmission opportunities at the price of worse uplink SINR. Thus the overall average throughput of cell-center users is better than that in Scheme 3.
Finally, it is shown by numerical simulations that the analytical expressions are tight with at most 1.5dB gap to the actual performance. The remainder of this paper is organized as follows. Section II presents the massive MIMO system model. Section III and Section IV analyze the uplink performance without and with cell coordination respectively. The pilot extension scheme is proposed and analyzed in Section V. Numerical simulation is provided and compared with analytical results in Section VI. Finally, the conclusion is drawn in Section VII. and (Âů) −1 identify a diagonal matrix with diagonal elements from vector x, expectation and inverse of a matrix, respectively.
II. SYSTEM MODEL AND UPLINK SCHEMES
In this section, we shall elaborate the massive MIMO network model for system-level performance analysis, as well as the uplink transmission model.
A. MASSIVE MIMO NETWORK MODEL
As illustrated in Fig. 1 , the uplink transmission of a hexagonal cellular network is considered, where the radius of a hexagon is R. Each hexagon is further divided into three sectors as in the 3rd Generation Partnership Project (3GPP) specification [22] . We shall refer to each sector as a cell in the remaining of this paper. The frequency reuse factor is 1, hence all the cells use the same spectrum. For the elaboration convenience, cells are assigned with indexes as Fig. 1 . Let i be the set of users in the i-th cell, its cardinality | i | be the number of users in the set. We shall refer to the service BS of the i-th cell as the i-th BS, and the k-th user of the i-th cell as (i, k)-th user. Without loss of generality, we shall analyze the uplink performance of the first cell. Thus the 1-st cell (or BS) is called as the target cell (or BS). In order to capture the dynamics in users' locations, the distribution of all users is modeled as a homogeneous SPPP with intensity λ. Hence, the number of users in one cell (say the i-th cell) follows the following probability mass function
where S i is the area of the i-th cell's coverage. [23] . However, its conclusion and approach cannot be applied in our scenarios.
B. UPLINK CHANNEL MODEL
Each BS is equipped with M antennas and each user has single antenna. In this paper, we consider a massive MIMO system with reasonably many antennas at the BS, hence M could be several hundred. The uplink users are transmitting with maximum power P. Moreover, the block fading model is considered, and the channel state information (CSI) remains quasi-static within one fading block (or frame) and changes in different fading blocks. Let L be the total number of symbols within one frame and coherence bandwidth. We define the following notations on the uplink transmission: •
is the aggregated channel vector from the users in the i-th cell to the target BS. The covariance matrix of H i is given by
and i,k are the pilot and data respectively.
H are the aggregated matrix of uplink pilot sequences and data from the users in the i-cell, respectively. Note that in the proposed scheme in Section V, X i will carry the extended pilot sequence for the cell-edge users. Let Y be the received signal of the target BS, we have
where [24] except the soft pilot reuse scheme evaluated in Section III. 1 Hence the cross-correlation between pilot sequences is given below 2
where L p is the pilot length. Because of the randomness of SPPP, it is possible that L p is less than the number of users in one cell, which means some users may not be served due to the pilot shortage. In fact, the probability of pilot shortage can be negligible when L p is slightly more than the average number of users. For example, when the average number of users per cell is 10 and L p = 17, the pilot shortage probability is around 1.4%. Therefore, we only consider the analysis in the situation when L p is larger than the number of users per cell in the rest of this paper. It can be observed from (3) that, due to the correlation among the pilot sequences of different cells, the uplink interference in channel estimation cannot be avoided. As a result, the uplink inter-cell interference can be divided into correlated and uncorrelated parts as it will be shown in the following sections. The former can be mitigated by increasing the pilot length, and the latter depends on the antenna number at the BSs. In the following sections, we shall evaluate: (1) two existing uplink schemes without cell coordination; (2) the uplink scheme with pilot information sharing; (3) the proposed pilot extension scheme. In the performance analysis, we shall show that the effect of uncorrelated inter-cell interference is significant, which is different insights from the existing literature. Hence the asymptotic SINR expressions, the trade-off relations between SINR and pilot length, and the bounds of SINR's cumulative distribution function (CDF) based on this observation are derived.
III. UPLINK PERFORMANCE ANALYSIS WITHOUT CELL COORDINATION
In this section, we first introduce two uplink schemes without cell coordination (i.e., no pilot information sharing among BSs), which have been widely studied in the existing literature; and then analyze the trade-off relation between pilot overhead and SINR, where the effect of uncorrelated inter-1 Note that this model use different but correlated sets of pilot sequences in different cells, and it cannot be applied on soft pilot reuse scheme. We will use the same set of orthogonal pilot in different cells. 2 The sequences are with the following two properties: (1) the auto correlation of a sequence with a cyclically shifted version of itself is zero; (2) the cross-correlation between two prime length sequences is constant, i.e. the square root of sequence length. Please refer to the Section 5.5 of 3GPP specification [24] for the generation of pilot sequences. ference is significant and cannot be suppressed (thus different insights from the existing literature). Finally, the distribution of uplink SINR is obtained with the consideration of the random large-scale channel fading.
A. UPLINK SCHEMES
Two existing schemes, namely conventional uplink scheme [3] and the soft pilot reuse scheme [8] , are elaborated below.
Scheme 1 (Conventional Uplink Scheme): The pilot sequences used in each cell follows the correlation model (3). In the uplink detection, the matched filter is used to estimation the uplink channel, then the data detector based on minimum mean square error (MMSE) is adopted to detect the uplink signal. Scheme 2 (Soft Pilot Reuse Scheme): As illustrated in Fig. 2, users in each cells are divided into cell-center users and cell-edge users according to their distances to service
BSs. The orthogonal pilot sequences of length L p are divided into four sets, namely P 0 , P 1 , P 2 and P 3 . Thus
is reused in the center region of all cells and the remaining sets are allocated to edge regions as illustrated in Fig. 2. Thus the pilot sequences allocated to the cell-edge users of neighboring cells are orthogonal. In the uplink detection, the matched filter is used to estimate the uplink channel, and the MMSE-based data detector is adopted to detect the uplink signal.
Instead of maximum ratio combining (MRC), we choose MMSE as the criterion of uplink data detector. This is because the channel vectors of the users in the same cell are not actually orthogonal with finite number of antennas M . Scheme 1 and 2 use similar approaches in both channel estimation and data detection, the only difference lies on the pilot assignment. We use Q and S to represent the uplink channel estimator and data detector of the target cell for both schemes. Hence, in both schemes
and the estimated uplink channel becomes
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Then, the data detector is given by
Denoted as ,
where V is a temporary variable, It is assumed that the uplink bits of each user are interleaved across different coherent small-scale fading blocks along time or frequency domain, hence the expectation is taken over small-scale fading. In the denominator of the above equation, the first two terms are the intra-cell interference due to pilot contamination; the third term is the inter-cell interference consisting of both correlated and uncorrelated ones; and the last term is due to channel noise which is usually much smaller than the interference [21] , [25] .
B. ASYMPTOTIC SINR ANALYSIS
In order to evaluate the effect of each interference term in (8) on the overall SINR performance, we first introduce the following conclusion on asymptotic expression.
Lemma 1 (Asymptotic SINR): When the conventional scheme 1 is used, for sufficiently large number of BS's antennas M , the uplink SINR of an arbitrary user in the target cell (say the (1, k)-th user) can be written as
When the soft pilot reuse scheme is used, let In the SINR expression of Scheme 1, (j,n) /
is the correlated inter-cell interference due to pilot contamination, which does not decrease with respect to antenna number
is the uncorrelated inter-cell interference, which degrades with respect to M ; and the factor
represents the intra-cell interference due to pilot contamination. For example, in Fig. 3 , the asymptotic SINR versus the pilot length is plotted according to Lemma 1, where the locations of users are randomly generated. It can be observed that if the uncorrelated inter-cell interference is ignored, there is more than 3dB error in the asymptotic SINR, which demonstrates that the uncorrelated inter-cell interference is significant. Moreover, increasing the length of pilot sequence could suppress both the intra-cell interference and the correlated inter-cell interference, rather than the uncorrelated inter-cell interference. For example, it is shown in Fig. 3 that the increasing uplink SINR will saturate even the pilot length tends to infinity.
In the SINR expression of Scheme 2,
is the uncorrelated interference components, and
is the correlated interference due to pilot contamination. When increasing the pilot length, the cell-center region of each cell will shrink and the pilot contamination can decrease. However, since the uncorrelated interference is dominant, the SINR enhancement may not be significant. For example, in Fig. 3 , neglecting the uncorrelated inter-cell interference will introduce huge error on the evaluation of SINR. Moreover, Scheme 2 has better performance than Scheme 1 with the same pilot length. This demonstrates that Scheme 2 has higher efficiency in the suppression of correlated interference.
C. SINR DISTRIBUTION ANALYSIS
Note that interference in (9) and (10) depends on the largescale fading of interfering users, which is not constant due to random user distribution. The accurate distribution of interference can be complicated, but we shall show in the following theorem that the interference can converge to Gaussian distribution.
Theorem 1 (SINR Distribution): In both Scheme 1 and 2, given a target outage threshold τ , for sufficiently large number of antenna at the BS, the SINR outage probability of arbitrary (1, k)-th user can be written as
and 
where
and
.
Proof: Please refer to Appendix C. The gap between CDF bound and the real performance is tiny, which is illustrated in Section VI. With the above distribution, it is straightforward to calculate the average throughput of the (1, k)-th user (and the overall cell) in the sense of ergodicity or outage. It is omitted here since it is a trivial extension.
IV. UPLINK TRANSMISSION WITH PILOT KNOWLEDGE SHARING
In this section, we consider the scenario that pilot information of neighbouring cells can be shared via backhaul. Specifically, pilot information of the interfering users close to the service BS will be shared, so that the service BS is able to estimate their channel and cancel their interference in uplink signal detection. Note that in the above scenario, the pilot length should be increased to make sure sufficient degreeof-freedom in uplink channel estimation, there is a trade-off between pilot overhead and uplink SINR. In this section we shall show that cell coordination (pilot information sharing) could lead to higher efficiency of interference suppression than Scheme 1 and 2, where there is no cell coordination.
A. UPLINK SCHEME
The uplink scheme with backhaul connection is elaborated below. VOLUME 6, 2018
Denoted as sc3 (19) where In order to guarantee the uplink channel estimation, the pilot length in Scheme 3 should be greater than | i,I | + | i | (∀i). Moreover, in order to estimate both uplink and interfering channels, we have to adopt the MMSE based channel estimator in Scheme 3 instead of matched filter (this is because the pilot sequences of different cells are not orthogonal). Let H I and X I be the uplink channel matrix and pilot sequences of users in 1,I , H 1∪I = [H 1 , H I ] be the uplink channel matrix from users in 1 ∪ 1,I to the target BS, and
be the pilot sequences of users in 1 ∪ 1,I , the MMSE-based channel estimator for H 1∪I is given by
The estimated channel matrix becomes
Finally, the data detector based on MMSE for the target cell X d 1 is given by (19) at the top of this page. For (i, m) ∈ 1 ∪ 1,I , h i,m is the estimation of h i,m , and q sc3 i,m is the column vector of Q sc3 corresponding to the (i, m)-th user. As a result, the uplink SINR of one arbitrary user in the first cell (say the (1, k)-th user) of Scheme 3 is given by (20) at the top of this page.
B. PERFORMANCE ANALYSIS
The asymptotic SINR expression of Scheme 3 is provided in the following. M is sufficiently large, the uplink SINR can be written as
Proof: Please refer to Appendix D. It can be observed from (21) that with longer pilot sequence, more users will be included in the set i,I , which lead to less interference terms in the denominator. Hence both correlated and uncorrelated interference can be mitigated. This is because cell coordination turns part of the inter-cell interference into much smaller intra-cell interference. Compared with the conventional scheme, the uplink SINR gain of Scheme 3 can be observed as follows. In (21), the interference term of SINR depends on the users outside 1 ∪ 1,I ; whereas in (9), the interference of SINR depends on the users outside 1 . This demonstrates the benefit of Scheme 3 that interference from users in 1,I is canceled significantly. Compared with the difference in coefficients
), the effects of interference mitigation is usually dominant. The similar observation can be found when compared with the scheme of soft pilot reuse. The trade-off relation between SINR and pilot overhead is compared in Fig. 4 with Scheme 1 and 2. It shows Scheme 3 always outperforms Scheme 1 and 2 with the same pilot overhead. Thus cell coordination leads to higher efficiency of interference mitigation.
Considering the randomness of interfering users' distribution, we have the following conclusion on the CDF of uplink SINR.
Theorem 3 (CDF Bound of Scheme 3): For sufficiently large number of antennas at the BS M , the SINR CDF of the arbitrary (1, k)-th user in Scheme 3 γ sc3
1,k is bounded by
), M r,ρ 1,k and V r,ρ 1,k are given by (15) and (16) . Proof: The proof is similar to Theorem 2, and it is omitted here.
Compared with the CDF bound for Scheme 1 in (14), Scheme 3 has smaller SINR outage probability given the same threshold τ and pilot overhead L p . This is because function F(r, L, T , M, V) is decreasing significantly with respect to parameter r. For example, the function F(r, L, T , M, V) tends to zero in the order of Q(r σ −1 ) with respect to r. It is shown in [27] that
1.135 
Hence we have F(r, L, T , M, V) tends to zero with the order of O(

V. PROPOSED PILOT EXTENSION SCHEME
Although Scheme 3 could suppress the inter-cell interference efficiently, the price to pay is pilot overhead. In fact, short pilot sequence may be adequate for the users close to the service BS, where the interference is relatively small and the transmission opportunity is more important than channel estimation accuracy. On the other hand, users far away from the service BS may prefer long pilot sequence to mitigate the inter-cell interference (via cell coordination). Based on this observation, we propose a pilot extension scheme in this section, which can save the pilot overhead for cell-center users while maintaining the nearly same efficiency of intercell interference cancellation as Scheme 3.
A. SCHEME DESCRIPTION
As shown in Fig. 5 , the set of cell-center users in i whose distances to their service BS are less than R N is denoted as i,N , and the set of remaining users (namely cell-edge users) in i is denoted as i,F . Let R I be the radius of coordination region, i,I be the set of all the neighboring cell users whose distance to the i-th BS is within R I . The proposed frame structure is illustrated in data symbols of cell-center users. Thus compared with cellcenter users, the cell-edge users replace some data symbols by one extended pilot sequence, and the number of data symbols reduces to L d −L e . For the elaboration convenience, we define the following notations.
• The uplink signal • The received signal corresponding to X • H 1,N , H 1,F and H 1,I are the uplink channels from the cell-center, cell-edge users and neighboring users to the target BS respectively. The pilot sequences of each cell X p i (∀i) follow the cross-correlation model in (3). Moreover, the extended pilot sequences of the cell-edge users also satisfy that
Noting that the extended pilot of edge users is transmitted along with the data of center users, a novel data-assisted approach will be introduced in the following to cancel the signal from the center users before the channel estimation of the edge users. For the elaboration and notation convenience, the transmission scheme is elaborated for the target cell. However, the approach is also applied on other cells. . Suppose the MMSE detector S is used. For cell-center users, since the conventional pilot is used, the channel estimation and data detection are the same with conventional scheme. Q and S are given by equation (5) and (7) respectively.
Scheme 4 (Proposed Uplink Transmission Scheme): The target BS collects the information of pilot used by the users of
In Step 3, the matched filter Q is given by Q = (X 1,N ) H /(PL). Moreover, we have the following lemma on the channel estimation error with Q.
Lemma 3 (Data-Assisted Channel Estimation Error): For (1, k) ∈ 1,I , the mean squared error (MSE) of the dataassisted channel estimation in Step 3 of Scheme 4 is given by
where h 1,k = h 1,k − h 1,k is the estimation error of the (1, k)-th user, and h 1,k is the estimation of h 1,k . Proof: Please refer to Appendix E. After the signal cancellation in Step 3, the residual signal can be written as
where the approximation is due to Lemma 3 and the factor that L is usually large (one frame usually contains hundreds of symbols).
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With the knowledge of both conventional pilots and extended pilots, denoted as X p,1
, the MMSE-based channel estimation in Step 4 is given by
Step 5 is given by
m is the estimation of h i,m , and q i,m is the column vector of Q corresponding to user (i, m).
Since the uplink transmission and detection of cell-center users are similar to Scheme 1, the asymptotic SINR expression and distribution of SINR follow the same expressions as (9) and (11) . Therefore, we focus on the SINR analysis of cell-edge users in this section. The uplink SINR of arbitrary cell-edge user (denoted as the (1, k)-th user) is given by (28) at the top of this page.
B. PERFORMANCE ANALYSIS
The asymptotic expression of the above SINR for cell-edge user is given by the following lemma. 
where L =
Proof: The proof is similar to Lemma 2, it is worth noting that when the extended pilot is adopted, the correlations of pilot sequences from different cells satisfy that
Then, L can be considered as equivalent pilot length. Following the steps of proof of Lemma 2, the equation (29) will be derived. Moreover, the distribution of uplink SINR is derived below.
Theorem 4 (CDF Bound of Scheme 4): For sufficiently large number of antennas at the BS, the SINR CDF of one arbitrary cell-edge user (say the (1, k)-th user) in the proposed scheme is bounded by
where T = τ (1+
, M r,ρ 1,k and V r,ρ 1,k are given by (15) and (16) .
Proof: The proof is similar to Theorem 2, it is omitted here.
Compared with (31) and (22) of Scheme 3, the proposed Scheme 4 has slightly performance degradation on the celledge users. For example, the equivalent pilot length L in (31) is generally smaller than the same pilot overhead L p . This is because we concatenate two pilot sequences in uplink channel estimation, which is not as good as single long pilot sequence. However, as | 1,F | + | 1,I | < | 1 | + | 1,I |, it will partly compensate the effects of smaller equivalent pilot. It can be shown in Section VI that the performance degradation due to the above issue is tiny. On the other hand, the benefit of the proposed scheme is that the cell-center users can enjoy more uplink transmission opportunities than Scheme 3, although their uplink SINR may be lower than that in Scheme 3. It is also shown in Section VI that this will introduce significant throughput gain when the channel coherence time is short. VOLUME 6, 2018 
VI. SIMULATIONS
In this section, we shall first verify the tightness of the analytical bounds derived in previous section via numerical simulations, and show both SINR and throughput gains of the proposed scheme. In the simulation, we consider the typical configuration on the hexagonal cellular network. For example, the number of cells is 21 (3 tiers), the cell radius R = 250m. The pathloss exponent is σ = 3.5. The average number of active users is 10 in each cell. 3 We assume users' transmission power P = 23dBm, the thermal noise density is −174dBm/Hz, and the bandwidth is 10MHz. The frame length is set to L = 200, except for specifically mentioned.
In Fig. 7 and 8 , the analytical SINR distribution or bounds of all aforementioned schemes derived in (12) , (14), (22) and (31) are compared with numerical simulations. Different locations of the target user r 1,1 ∈ {90m, 180m} are 3 The actual number of users in a cell is a Poisson random variable due to SPPP of mobile users. When the number of users per cell is larger than pilot length, the scheduler at the BS will randomly select L p users as active users. considered. The target user 90m away from service BS is considered as cell-center user, while the target user 180m away from service BS is considered as cell-edge user. The pilot sequence for Scheme 1 is L p = 17. For Scheme 2 and Scheme 3 the pilot length is L p = 47, in order to facilitate the soft pilot reuse or cell coordination. Moreover, as a fair comparison, the lengths of first and extended pilots are L p = 17 and L e = 31 respectively. For Scheme 2 and Scheme 3, the bound dividing cell-center and cell-edge users is R N = 130m. Moreover, for Scheme 3 and Scheme 4, the radius of neighboring pilot sharing is R I = 370m. It can be seen that the analytical expressions of all schemes are tight with at most 1.5dB gap to the simulation results. Moreover, it can be observed that Scheme 2, Scheme 3 and Scheme 4 have similar cell-edge performance. Compared with the conventional scheme, they can significantly improve the SINR of cell-edge users at the price of more pilot overhead, while Scheme 2 and Scheme 3 can improve the SINR of cell-center users.
We compare the proposed scheme and conventional scheme in Fig. 9 , where the uplink SINR performance is plotted versus difference distances between the target user and the target BS r 1,1 for the number of BS's antennas M = 200 and 400, respectively. Due to the randomness in uplink SINR, we choose the SINR values with 10% outage probability in the comparison. Noting that R N = 130m, the proposed scheme has the same performance as the conventional scheme for r 1,1 ≤ 130m. The SINR gain can be observed for r 1,1 > 130m. Specifically, the gain increases with r 1,1 . This is because the inter-cell interference, which can be effectively alleviated by the proposed scheme, is more severe for the cell-edge users. Fig. 10 shows the trend of uplink SINR with respect to the increasing number of BS's antennas M , where r 1,1 = 140m, 180m, and SINR outage probability is 10%. It can be observed that compared with conventional scheme, the SINR gain of the proposed scheme is more significant for larger M . For example, the gain is around 5dB and 7dB for M = 100 and 400 respectively when r 1,1 = 180m. This demonstrates that the potential of massive antennas is exploited better in the proposed scheme.
The above figures are about the gain on SINR, which is obtained at the price of extended pilot. Hence it is necessary to compare the overall throughput of Scheme 1 and Scheme 4 in one uplink frame. We plot the data throughput versus the total number of transmission symbols in one frame (the total number of transmission symbols within channel coherence time and coherence bandwidth) in Fig. 11 , where the target users are 140m and 200m away from the target BS respectively. The curves for different lengths of extended pilot sequences are plotted, in order to find a length with good performance given various frame size. The spectral efficiency used in the calculation is obtained by the SINR bounds derived in Theorem 2 and Theorem 4 (which are already shown to be tight). We choose the SINR values with 10% outage probability. It can be observed that longer extended pilot has better performance when there are sufficient transmission opportunities within one frame; whereas, shorter extended pilot is better when the frame size is small (large Doppler frequency or delay spreading). For example, the throughput with extended pilot length 31 is better than that with extended pilot length 17 when there are more than 200 symbols in one frame and user-BS distance is 200m. It can also be observed that compared with the conventional scheme without pilot extension, the proposed Scheme 4 with extended pilot length 7 and 17 have better throughput performance for far users at 140m, even when the number of symbols within one frame is less than 200. Therefore, throughput gain of the proposed scheme can be achieved as long as the network parameters (e.g., length of extended pilot sequence) are carefully chosen according to the scenario (e.g., channel coherence time and coherence bandwidth). Noting that Fig. 11 is generated based on the closed-form SINR bound, the computational complexity is negligible compared with system-level simulation.
It can be observed from Fig. 7 and Fig. 8 that the proposed Scheme 4 has better uplink SINR distribution than the soft pilot reuse scheme when the target user is a cell-edge user. Although the soft pilot reuse scheme has slightly better uplink SINR distribution when the target user is cell-center user, the price to pay is longer pilot sequence. Hence, to further justify the performance gain of our proposed scheme, the comparison with Scheme 2 in term of normalized data throughput versus the size of uplink frame is illustrated in Fig. 12 , where the number of BS's antennas is M = 300, the distances of target users to service BS are 90m and 180m resistivity. It can be also observed that the proposed scheme always has better uplink throughput for both cell-edge users and cellcenter users, even when the size of coherent fading block is up to 400.
With pilot information sharing, Fig. 8 shows Scheme 3 has better uplink SINR than Scheme 4 for cell-center users, and Scheme 4 has slightly SINR degradation for cell-edge users due to shorter equivalent pilot length. To fairly compare their performance, the comparison in term of data throughput versus the size of uplink frame is illustrated in Fig. 13 , where the number of BS's antennas is M = 300, the distances of target users to service BS are 60m and 180m respectively. The curves are obtained by the analytical SINR bounds derived in Theorem 3 and Theorem 4. It can be observed from Fig. 13 that when the number of symbols within one frame is small (less than 250), Scheme 4 has higher throughput performance for cell-center users, and Scheme 4 and Scheme 3 have almost equal throughput for cell-edge user. In other words, when the frame length is relative small, the proposed Scheme 4 can improve the throughput for cell-edge users without degrading the throughput for cell-center users.
VII. CONCLUSION
In this paper, we analyze the performance of massive MIMO uplink with finite number of antennas in different transmission schemes, where both correlated and uncorrelated interference are considered. Specifically, we consider four uplink transmission schemes, including conventional scheme, soft pilot reuse scheme, pilot information sharing scheme and a proposed pilot extension scheme, in a hexagonal massive MIMO network. We deduce the asymptotic SINR performance with reasonably many antennas for all schemes. Moreover, we develop a general analysis framework to evaluate the distribution of uplink SINR by considering the randomness of users' distribution and the effect of shadowing, where the CDF bounds are derived for all schemes. It is shown that the gap between the bounds and the actual performance is less than 1.5dB. Thus these bounds can be used to optimize the network parameters instead of complex system-level simulations. Simulation results also identify the performance region where the gain of the proposed scheme can be found comparing with the other schemes.
APPENDIX A PROOF OF LEMMA 1
We first give the proof of Scheme 1. When the matched filter is used for channel estimation, it is obvious that the following equations are satisfied for the estimator Q.
We define the following notation
As R 1,m and R j,n are scaled identity matrices, can be written as
As a results,
Then, the third interference term in the denominator of (8) can be written as
The noise item can be negligible compared with the interference terms for sufficiently large M . Then, from (35), (38), (40) and (42), the asymptotic expression of Scheme 1 can be derived. Since the proof of Scheme 2 is similar to that of Scheme 1, we only provide the sketch here. As P 1,k is the set of users using the same pilot as the (1, k)-th user, then
The asymptotic expressions for the signal and interference terms of SINR γ sc2 1,k are given below. The signal term
The estimation error term can be written as
The intra-cell interference term is given by
The inter-cell interference term is given by
Since S denotes the set of interfering user using the same pilot set as target user, the first item of (44) and (45) can be combined as
As the noise item can be negligible, then from (43), (46) and (47), the asymptotic bound of Scheme 2 is derived. This finishes the proof.
APPENDIX B PROOF OF THEOREM 1
We first consider the proof of Scheme 1. Let S intf be the area where the interfering users distribute. It contains the whole 2-D plane except the target cell. The set of interfering users within this area is denoted as intf . Since the intensity of user distribution is λ, intf is Poisson distributed with mean λS intf . Let a ≤ 1 and b ≥ 1 be two constants, we define
where (.) is the incomplete gamma function and x is the largest integers less than or equal to x. We consider arbitrary target user (1, k) ∈ 1 . Let
it is with probability 1 − P a,< and 1 − P b,> respectively that the following lower bound and upper bound can hold
Given the condition | intf | = aλS intf , the large-scale fading of interfering users {ρ j,n |(j, n) ∈ intf } are i.i.d. distributed random variables. According to central limited theorem, E intf will converge to a Gaussian variable. Hence, the above lower-bound can be further approximated as
In the above equation, M and V are the mean and variance
, which are given by the following equations.
As a result, we have
For S intf → ∞, we have P a,< → 0. Thus for arbitrary a < 1, it is with probability 1 that the following inequality can hold.
where M sc1 = lim
S intf →∞
M λS intf and V sc1 = lim S intf →∞ M λS intf . When S intf → ∞, M and V tend to zeros, however, M sc1 and V sc1 will converge to finite values. Similarly, it is with probability 1 that for arbitrary b > 1,
Thus, from (48) and (49), it is with probability 1 that
The proof of Scheme 2 is similar, and we only give the sketch. The denominator of (10) contains three parts.
• The first part (j,n)∈ S 2ρ j,n M ρ 1,k implies the effects of interfering area S which includes center area of each interfering cell and edge area of adopting the same pilot set.
• The second part 
